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It  has  been  shown  previously  (Blair  (1932 a,  b,  c);  (1935 a,  b); 
(1936 a)) that the strength-duration curves of medullated nerve and of 
numerous other tissues are represented quite well by the equation, 
V  K+kol 
log v-'--Z"~  =  kt +  log  ---K--  (1) 
in which V is the stimulating voltage, R the rheobase, t the duration 
of the stimulus, and k, K, and a  are constants.  The kinetics assumed 
for the excitatory state, p, in order to give this result were, 
dp 
--  ffi  KV  -  kp  (2) 
dt 
with the additional assumption that ordinarily the excitatory state, 
p, need not be built up to a constant threshold value, h, but only to a 
value h  -  aV, a being a constant.  In a few cases a threshold, h +  aV, 
was required.  It appears that this state, aV, which has been assumed 
to be a lowering of the threshold but may equally well be any kind of 
excitatory condition, is ordinarily attained by kinetics which are so 
fast that most strength-duration data do not enable them to be evalu- 
ated.  Some recent data on muscle, however, extend to times which 
are relatively short enough so  that  the kinetics of the fast process 
may be investigated.  In this case, the assumption is justified fairly 
well (Blair (1936 b), data by Colle (1933)) that the fast process may be 
written, 
dh 
--  =  A V  -- ak  (3)  dz 
787 
The Journal of General Physiology788  RECTANGULAR  STIMULI  IN  :NERVE 
in which h is the alteration of the threshold,  V is the stimulus, and 
A and a are constants.  For these data are represented by the equation, 
p  +  h  =  ~-  -~(1  -- e  -~)  +__AVa (1  -  e-~')  (4) 
h0 being the real threshold of the excitatory state. 
the condition for the rheobase, R, 
Or, on putting in 
ha  V  -  R  K  -t-  /ca  e -~  -b  --  e -a#  (5) 
-V-x-Y  -  --  K 
It appears from this point of view that the constant, a, is so large in 
stimulating most nerve trunks, that e  -at is negligible, even with the 
briefest stimuli, so that the second member of equation  (4)  appears 
only at  the  equilibrium  value,  A V/a,  or aV.  Data  by  Sakamoto 
(1933) from the stimulation of single nerve fibers with micro-electrodes 
give, however, values of a  which are sufficiently small to enable the 
fast  component of equation  (4)  to  be followed.  Four sets of these 
data are given in Table I, with both the observed voltages and those 
calculated from equation (4), using the constants given. 
The method used in applying equation (5)  is illustrated in Fig.  1. 
Since  this  equation,  for large  values  of t,  reduces to  equation  (1), 
plotting log V/(V -  R) against t for the longer times gives k from the 
slope of the line obtained and (If -b k~)/K from the  intercept.  In 
Fig. 1, the straight line from the upper part of the curve is continued 
as a  broken line over to this intercept in each case.  Having  deter- 
mined these constants, it will be seen that a is the only undetermined 
constant remaining.  Its mean value may be obtained by substituting 
each datum at short durations and averaging the results. 
It will be observed in Table I  that with only two data do the ob- 
served  and  calculated  voltages diverge  by  as much as  5  per  cent. 
This indicates that equation (4)  is valid to within the limit of error 
usually allowed in this type of measurement. 
The durations corresponding to the least voltages in Table I are the 
measured utilization  times of the rheobases.  These  data  enable  a 
determination of the completeness of the components represented by 
KV  (1  -  e -k')  at  these  times.  In  Experiment  10,  for  example, 
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1  --  e -kt  =  0.94, approximately, and in Experiment 2, 0.996, approxi- 
mately.  These  are the extreme cases,  the least and  the most com- 
plete,  respectively.  Since  the  other  component  of  equation  (4)  is 
entirely complete at these times and since it is an appreciable part of 
1.o 
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FIG. 1. The data of Experiments 3 and 9 (Table I) upper and lower curves, 
respectively, plotted according to equation  (1). 
h0, it will be evident that  even in Experiment  10,  the  apparent  in- 
completeness corresponds to only about 4 per cent of the value of R. 
Therefore,  any neglected factor,  such as accommodation,  cannot  be 
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It  will  be  seen  from  Table  I  that  a  =  8k,  approximately.  The 
component  in  (1  -  e -°t)  of  equation  (4)  will  therefore  be  sensibly 
complete in one-eighth of the utilization time of the rheobase; i.e., in 
about  0.15  millisecond.  At  shorter  durations,  the incompleteness of 
this component  causes the points in Fig.  1 to diverge from the linear 
TABLE  I 
Examples of Sakamoto's Data Using His Numbering for the Experiments 
The calculated voltages are obtained from equation  (4)  using the given con- 
stants  k, etc. 
1.0251 
3.0255 
3.0377 
3.0566 
3.0943 
3.151 
3.226 
). 339 
3.471 
3.716 
1.03 
1.04 
1.13 
1.17 
1.26 
Exp. 9 
Observed i C  aleut.ted 
30.1  28.4 
20.9  20.2 
15.3  15.0 
10.9  10.8 
8.49  8.25 
6.75  6.75 
5.64  5.65 
4.96  4, 98 
4.37  4.37 
4.00  4.08 
3.88  3.88 
I 
Exp.  10  Exp. 2 
Observed 
23.8 
17.6 
14.5 
11.9 
10.9 
9.9 
9.26 
8.88 
8.93 
8.34 
8.34 
Observed  Calculated 
33.5  33.2 
23.4  23.9 
18.2  18.3 
13.5  13.7 
11.0  11.1 
9.42  9.42 
8.22  8.00 
6.94  7.09 
6.21  6.25 
5.44  5.76 
5.42  5.42 
V 
Observed  ' Calculated 
i 
29.4  28.6 
21.6  22.2 
18.6  17.8 
14.6  114.4 
12.2  I  12.3 
11.0  ]  11.1 
9.95  10.0 
9.78  I  9.48 
9.39  [  9.05  I 
8.97  8.95 
8.90  8.90 
Exp. 3 
Calculated 
23.4 
18.1 
14.7 
12.2 
10.8 
9.9 
9.25 
8.85 
8.50 
8.35 
8.34 
k  =  2700  k  =  2400  k 
a  =  20,000 ]a  =  24,200  a 
K  "-[- kot  K  + kot  K  +  ka 
--  -----  1.28  --  =  1.38 
K  K  K 
=  4800  k  --- 4400 
=  33,000  a  =  32,000 
K  +ha 
1.76  2.26 
K 
relations.  Existing data from exciting nerve trunks do not show this 
type of divergence, indicating that  the factor, a, in the trunk is much 
larger so that  the  component  (1  -  e-"0  attains its limiting value,  1, 
in close approximation  even with  the briefest stimuli.  The probable 
values of a in these cases are discussed later. H.  A.  BLAIR  791 
With regard to the meaning of equation (4), it may be supposed that 
instead of the states, p and h, there is only the one, p, given by, 
KV  AV (l -- e-o')  (6) 
P  =  7  (1  -  e-F)  +  --; 
or, on differentiating, 
~*~ =  V(K +  Ae-.*) +  AkV (1 -- e-.*) -- kp 
ds  a  (7) 
If now it is assumed that the process of excitation proper is given 
simply  by, 
dp 
--  =  K'Z  -  kp  (8)  dt 
the first terms of equation  (7)  will represent the distortion  of the 
current in passing through the tissue; in other words, the application 
of a constant voltage, V, will give rise to a current of the form, 
AkV 
I  =  V(K +  .4e-o') +  (1 -  e-°9  (9) 
From this it will be seen that I  decreases according to 
d/ 
--  -~  a(lo  -  I)  (i0)  ~t 
I0 being the final value of I  on long application of  V.  Therefore, 
instead of assuming as before (Blair (1936 b)) a fast excitatory process 
in addition to the ordinary excitatory process, it can equally well be 
assumed that there is only the one process but that the exciting cur- 
rent undergoes a  rapid exponential diminution from its initial to its 
final value. 
This transient in the current is probably due to the electrical capac- 
ity of some structure which is not the site of excitation.  Its time 
constant may appear, therefore, in purely physical measurements of 
the electrical properties of the tissue. 
Physical measurements on  excitable tissue  have not  as yet been 
related  satisfactorily  to  excitation  phenomena.  It  is  well  known, 792  I~ECTANGULAR  STIMULI  IN  NERVE 
however, that there are transients in nerve trunks.  These have been 
recorded directly; e.g.,  by Bishop (1928).  Other measurements with 
alternating  currents  (e.g.  Lullies  (1930))  show also  that  the  nerve 
trunk is a complex structure electrically.  It is, of course, not necessary 
that  there should  be  any simple  correspondence between the  total 
current through the tissue and the actual exciting current, but there 
may be simple relations between the time constants of the transients 
of the one and the other.  Bishop (1928)  concluded that the transient 
he measured was complete at about the same time as that at which 
the excitatory state  became adequate.  Consequently, he  supposed 
that the polarization of the tissue and the state of excitation might be 
simply related.  This transient had a time constant about the value, 
k, of equation (6).  One difficulty with this interpretation, however, 
is that k is quite definitely not a property of the trunk but of the fiber, 
since the k of each fiber may be separately determined from the intact 
trunk (Blair and Erlanger (1933); Blair (1934)) without changing the 
electrodes.  The  constant,  a,  which probably  is  a  property  of  the 
trunk when the whole trunk is being stimulated, may appear in alter- 
nating current measurements.  These measurements have been inter- 
preted by Cole (1932) as indicating that the nervetrunk has a variable 
impedance  element of  constant  phase  angle.  It  appears,  however 
(Cole and  Curtis  (1936)),  that  an alternative interpretation is  that 
each fiber has  only simple  capacities  and  resistances  but  that  the 
combination of fibers in  the trunk may appear  to  have properties 
corresponding to the earlier interpretation. 
In  any  case,  it  is  concluded by  Cole  from  these  measurements 
(Blair  (1936 b), discussion)  that there is a  factor in the frog's nerve 
trunk analogous to a time constant of the order of 106 sec.  -1.  Accord- 
ing to the data considered here, a  -- 30,000 sec.  -1, approximately, for 
single sciatic fibers, but the strength-duration curves for sciatic trunks 
require values at least as great as 105 sec.  -1, because in them the term 
e  -~ of equation (6) is negligible at times as short as about 3 X  10  -5 sec. 
It appears,  therefore, that if the transients are due to  capacities, in 
stimulating the trunk, the capacities of the single fibers are encoun- 
tered in a series arrangement since the effective capacity of the whole 
is less than that of the elements.  There appears to be some indication, 
therefore, that both the physical measurements and the physiological ~.  A.  BLAre  793 
measurements will  give  a  similar  result  with  respect  to  this  fast 
transient. 
It will be seen that equation (7) is unnecessarily complex in order to 
conform to previous notations (Blair (1936 b)).  It may be written, 
dp  =  V(M -b Ne-°O -- kp  (11) 
d~ 
M  and N being constants.  When the stimulus is stopped, the transi- 
ent will probably be reversed so that the excitatory state will disappear 
according to, 
~p 
--  =  --  NVe  -°t  --  kp  (12) 
dt 
i.e., the transient will be contra-excitatory at the cathode, and the 
excitatory state will disappear faster than its spontaneous rate, kp. 
According to the data considered here, the sign of A/a in equation 
(4)  is  positive always,  indicating a  rapid  decrease  in  the  exciting 
current, due perhaps to a  series capacitance.  There are cases, par- 
ticularly in the a  excitability of muscle (Blair  (1936 b)) however, in 
which the sign of this constant is negative, corresponding to a transi- 
ent increase in the exciting current, possibly due to a parallel capaci- 
tance with respect to the exciting circuit proper.  Considerations of 
this kind may be of value in determining the locus of the excitatory 
state. 
It cannot be concluded without considerable investigation that the 
current transient  is  accurately exponential.  This is in  fact  rather 
unlikely; but it may be that it is sufficiently nearly exponential that 
no great divergence will be detected by strength-duration data.  Also 
it  seems likely, according to  Bishop's observations (1928)  that  the 
excitatory state itself has an external electrical sign.  Consequently, 
the excitatory state  and the transient in the current will probably 
appear in a combination of some sort in purely physical measurements. 
This transient,  or rather  the last  term in equation  (1)  has been 
discussed by Rushton (1934)  and Hill (I936) from separate points of 
view. 
Hill assumes that it does not exist and asserts that the first two 
terms of equation (1)  are entirely sufficient in representing strength- 794  RECTANGULAR  STIMULI  IN  NERVE 
duration  curves.  There are some few data  for which this  is  true; 
i.e.,  the transient is unimportant.  Most data,  and those considered 
here are examples, do not conform, however, to Hill's assumption even 
in  rough  approximation.  With  their  own  data,  using  alternating 
currents as stimuli, Hill, Katz, and Solandt (1936)  conclude in agree- 
ment  with  the  writer  (1932 b)  that  the  formula  corresponding to 
equation  (1)  is  not  valid  for high  frequencies.  It  cannot  be  said 
without further investigation that the neglect of the transient is the 
only reason  for  this,  but  its  inclusion accounts qualitatively for the 
experimental results. 
Rushton (1934)  did not question the existence of the third term of 
equation  (1)  but  cr/ticized it,  first on  the ground that it  had been 
assigned no physical meaning, and second on the ground that the state 
represented by it  (called change of threshold then) would disappear 
instantaneously on the removal of the stimulus so that it should not 
effect the data at all in certain spedfied cases. 
Regarding the first point, Rushton may be satisfied by considering 
the effect concerned to be a current transient. 
Regarding the second point,  Rushton's  assumption,  which, as he 
showed, leads to absurdities, is entirely his own.  For it is quite clear 
Blair  (1932 b)) 1 that  no  such  idea  was  entertained by  the  writer, 
although he was unable then to state explicitly an exponential decay 
as is done now by the first two terms of equation (12). 
SUMMARY 
If it is assumed that the kinetics of the process of excitation in nerve 
is given by dp/dt  =  KI  -  kp,  I  being the actual exciting component 
of the current, p  the state of excitation, and K  and k constants, it is 
necessary to postulate that on application of a rectangular stimulus of 
voltage, V, the current, I, undergoes a transient exponential variation, 
usually a decrease, in order that the integral of the differential equa- 
tion  (above)  may fit the strength-duratlon data in  V  and  t.  This 
hypothesis is substantiated by data by Sakamoto on single  fibers of 
the sciatic nerve of the frog.  The time constant of  the  postulated 
current transient is of the order of 10  4  sec. for single fibers and of the 
order of 10  -5 sec. or less in the sciatic nerve trunk.  The latter value is 
t Page 723, third sentence. H.  h.  B~Am  795 
about the same as that found by Cole in the same tissue by  purely 
physical  measurements.  Some  criticisms  by  Rushton  (1934)  are 
discussed. 
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